Pigment concentration, in vivo absorption, and photosynthetic parameters of the coralline alga Hydrolithon onkodes (Heydrich) Penrose and Woelkerling were compared among samples from a lagoon and from a reef crest of Tahiti Island. Four groups of specimens were considered, differing in their natural exposure to PAR. For specimens collected from the lagoon, the tissues from low-light samples had significantly higher pigment concentration, particularly chl a and phycobilins, compared with the highlight exposed plants that contained more total carotenoids. The in vivo absorption spectra normalized to chl a (called a* values) also revealed differences. The low-light samples had a reduced absorption capacity and a well-marked phycobilin absorption signature, whereas sunlit samples showed a greater absorption at wavelengths absorbed mainly by chl a and carotenoids. The decrease of a* when pigment concentration increased is interpreted as a consequence of the pigment packaging. Significantly lower ␣ (chlorophyll basis) and higher E k values were found in the shaded plants. The values of P max for the four groups of specimens were not significantly different. The samples showed various degrees of photoinhibition depending on the light exposure during growth, and this effect was more pronounced in the shaded plants. The specimens from the reef crest deviate from the general model presented for the lagoon samples and show a mix of sun-and shade-exposed characteristics. We have shown that the coralline alga H. onkodes responds to its light environment, probably by acclimation rather than ecotypic genetic variation, by adjusting its physiology, but some morphological differences are also involved. Photoacclimation can explain partly the wide distribution of this species over the reef ecosystem and its major contribution to the building of the reef.
Encrusting coralline algae are important bulk producers and consolidators of the reef in most tropical and subtropical areas. They are particularly important in coral reef ecosystems where they play a major role in the carbon and carbonate budgets (Littler and Littler 1988 , Payri 1995 , Steneck 1997 . They are widely distributed within the euphotic zone and are dominant on hard substrates in coral reef shallow waters in both sun-exposed and shaded habitats (Steneck 1986 ). Other than work on the taxonomy of coralline algae, studies on these algae are sparse and deal mostly with ecology or calcification. Studies related to coralline photosynthesis have mainly focused on primary production rates (see Payri 1997, p. 759) and pigment content (Marsh 1970, Lee and Titlyanov 1978) .
In tropical shallow reefs, coralline algae and other primary producers (e.g. other macroalgae, corals, phytoplankton) receive very high amounts of PAR and UV radiation, with up to 5-fold higher PAR than those required to saturate photosynthesis (Beach et al. 1995) . On the other hand, some of these coralline algae can also live in dim light environments. Such ability to live under dramatically different light regimes means that these organisms have acclimated their photosynthetic apparatus and developed strategies either to minimize the stress associated with the exposure to high light energy (Beach et al. 1997) or to deal with limited amounts of light. Encrusting corallines are the deepest (268 m) known attached macroalgae (Littler et al. 1985) , and they survive in this environment under less than 10 Ϫ 4 percent of the surface radiation (for review, see Steneck 1986) .
The capacity of the algae to grow under a wide range of photon flux densities and spectral quality is associated with changes in the pigment content, the photosynthetic response, or the growth rates, for example. The responses to different light fields are mostly caused, within the same species, by physiological processes and are considered to result from photoacclimation (Gantt 1990 ), although evolutionary processes may have an influence as demonstrated by Enríquez et al. (1995) . Light-related responses (acclimation and adaptations) have been extensively documented for unicellular algae, including phytoplankton (Falkowski and LaRoche 1991) ; symbiotic dinoflagellates (Falkowski and Raven 1997) ; ice algae (e.g. Cota 1985 , Kudoh et al. 1997 ; and benthic macroalgae (e.g. Ramus et al. 1977 , Gerard 1988 , Henley and Ramus 1989 .
Light absorption efficiency, pigment content, and photosynthetic parameters may have different characteristics within the same species as a consequence of photoacclimation processes. These parameters can thus be used to assess how the photosynthetic apparatus is modified by photoacclimation. Light absorption efficiency, which is now routinely measured in phytoplankton, is rarely assessed on macroalgae, mostly because of the anatomical complexity of the thallus (Ramus 1978 , Enríquez et al. 1992 . Recently, the in vivo absorbance spectra of temperate and tropical fleshy blade-like macroalgae (Smith and Alberte 1994 , Beach and Smith 1996a , Beach et al. 1997 have provided an appropriate way to identify response to stress (i.e. photoacclimation). Investigations using in vivo absorption spectra for coralline algae are lacking. In general, the acclimation of macroalgae to different light environments is studied by looking at photosynthetic adjustments and pigment contents. The general trends observed are lower respiration rates and consequently lower compensation point irradiance ( E c ) in shaded compared with sun-exposed plants. Conversely, the latter have higher maximum rates of net photosynthesis ( P max ) at saturating irradiance. Finally, shaded plants have higher quantum efficiencies (initial slope, ␣ ) and a lower index of saturation irradiance ( E k ) than sun-exposed plants (Boardman 1977 , Beach and Smith 1996b , Beach et al. 1997 . The total amount of pigments and the accessory pigments:chl a ratio generally increase when irradiance decreases (Rosenberg and Ramus 1982) , either on a large scale (e.g. depth gradients; Ramus et al. 1976 , Littler and Littler 1992 , Titlyanov et al. 1992 or on a small scale (e.g. along algal branches from the canopy to the lower part; Gao 1991 , Sakanishi et al. 1991 , Beach and Smith 1996a . Broad variations in thallus pigmentation, related to the plant exposure to the incident light, can be observed in many red algae (Ramus et al. 1976, Beach and Smith 1996a, and personal observation) . Indeed, plants from highly sunny locations generally are light colored, whereas shaded plants are darker.
Striking pigment variations are frequent among the encrusting coralline algae (Woelkerling 1988 and personal observation) . Hydrolithon onkodes (Heydrich) Penrose and Woelkerling is an almost ubiquitous species in the Polynesian reefs where it can be found under various light regimes from the highly exposed shallow intertidal zones (e.g. surface of coral patches and algal ridge) (Payri 1995) to much darker overhangs and crannies. Depending on the characteristics of the light field, these encrusting algae show noticeable differences in their color. This observation suggests that the photosynthetic apparatus of H. onkodes in Polynesian reefs has acclimated in response to the light intensity. The experiment described in the following section was designed to assess the characteristics of the photoacclimation in samples of H. onkodes collected under different light regimes. Our purpose is to assess the variations of 1) the pigment content, 2) the in vivo light absorption efficiency, and 3) the photosynthetic parameters to explain the great ability of the species to colonize various biotopes of the reef.
materials and methods
Sampling. Sampling was conducted on the barrier reef of the northwestern coast of Tahiti Island (French Polynesia, Society archipelago) between March and early May 1995 for the pigment and in vivo absorption study. Sampling took place in July 1996 for the photosynthesis experiment, which was conducted separately. To address photoacclimation in H. onkodes , fragments of thalli were collected between the surface and ‫ف‬ 1 m deep in different light environments characterized by different exposure to direct sunlight.
A first group of samples was collected on the reef crest, located on the outer (i.e. oceanic) part of the barrier reef, which is also the highest part of the intertidal zone of the reef (Fig. 1 ). At this location, H. onkodes consists of large flat crusts up to 100 cm 2 , displaying a red-pink color. Because this part of the reef is rather flat, the exposure to light is very similar for all samples collected there. The incident photon flux density of PAR is typically around 2000 mol photons и m Ϫ 2 и s Ϫ 1 . The reef crest is strongly exposed to the surf activity, and consequently the incident irradiance is regularly attenuated by the waves. The specimens collected on the reef crest are thereafter referred to as RC4. All other samples were collected in the lagoon, in the inner part of the barrier reef, which consists of coral patches growing at varying depths between the bottom and the sea surface. Three other groups of samples from the barrier reef are defined according to their exposure to the incident radiation. A first group of samples was collected on the upper part of the coral patches (Fig. 1) . These samples receive a high incident irradiance, around 80% of the PAR at the surface ( ‫ف‬ 1600 mol photons и m Ϫ 2 и s Ϫ 1 ). For these samples, H. onkodes forms sparse crusts ( Ͻ 50 cm 2 ) covering the substrate and has a predominantly yellow color. These specimens are identified as YL3. The second group of samples from the lagoon was extracted from the vertical face of the coral patches (Fig. 1) . These samples may be in the shade during part of the day because of the vertical disposition of the substrate and, on average, the light reaching these samples is around 50% of the surface PAR ( ‫ف‬ 1000 mol photons и m Ϫ 2 и s Ϫ 1 ). Like the previous group, H. onkodes forms sparse crusts ( Ͻ 50 cm 2 ), but their color is mainly pink. Samples from this group are named PL2. The third group from the inner barrier reef corresponds to samples collected in coral overhangs and crannies in the patches. This group receives the lowest incident irradiance (less than 10% of surface PAR) of any of the places where H. onkodes is found. The crust surface areas are small ( Ͻ 30 cm 2 ), and the pigmentation of the thallus is violet. The specimens of this group are referred to as VL1.
The nomenclature to name the specimens is thus based on color (R, red; Y, yellow; P, pink; V, violet), the site (C, crest; L, lagoon), and the exposure to light (4 being the highest and 1 the lowest). In summary, specimens from the RC4 and YL3 groups can be considered as high-light exposed, whereas the ones from VL1 are low-light exposed, PL2 being intermediate. Although the above-mentioned photon fluence rates are representative of some kind of maximum rates in the course of the day (as opposed to daily fluences), they are good indicators of the different levels of light experienced by the algae.
After collection, the fragments of thalli were immediately transferred to the laboratory, cleaned of epiphytes, and maintained in filtered seawater at a room temperature of 25 Њ C under around 80 mol photons и cm Ϫ 2 и s Ϫ 1 . All analyses and measurements were performed within 3 h after sampling.
Tissue samples. The calcareous skeleton of H. onkodes contains various endolithic microalgae (e.g. Ostreobium and Hyella ) that form a marked green band under the surface layers (Tribollet et al. 1998) . To prevent the occurrence of perturbations from endolithic organisms, only the surface layers of the thalli were considered. From each fragment of H. onkodes , stencildelimited 1-cm 2 quadrats ( Ϯ 0.1 cm 2 ), thereafter referred to as the "tissue samples," were scraped with a blade to collect the living tissues of the thallus. Tissue samples allocated to light absorption measurements (see below) were maintained in 150 mL of filtered seawater until the measurements were performed. All other tissue samples were collected for pigment analysis and put in the appropriate solvents. For each fragment of thallus collected, 3 ϫ 1 cm 2 tissue samples were scraped for pigment determinations: one for the chlorophyll and carotenoids, one for R-phycoerythrin (R-PE), and one for R-phycocyanin (R-PC) (see below). Altogether, 87 fragments of thallus from the four groups were collected, for a total of 261 (3 ϫ 87) tissue samples used in the pigment analysis. An additional 30 tissue samples (1 cm 2 each) were used for absorption measurements. Table 1 summarizes the number of samples analyzed for each group and each parameter. The representativity of the sample size was controlled a posteriori using the tests of KolmogorovSmirnov and Elliot at a significance level of 0.10 (Table 1) .
Pigment analysis. Concentrations of chl a , total carotenoids, and biliproteins, including R-PE, R-PC, and allophycocyanin, were determined for replicate fresh samples using a spectrophotometer (Ciba Corning spectrascan 2800 [Ciba Corning, Essex, UK]). Chl a and carotenoids extractions were conducted according to procedures adapted from Dennison (1990) . For extraction, the 1-cm 2 quadrat samples were ground in 8 mL of 100% acetone and stored in the dark for 24 h at 4 Њ C. The acetone extract was then diluted to 80% with water and subsequently clarified by filtration onto GF/F glass fiber filters. Optical densities were measured at 470 nm (carotenoids), 663 nm (chl a ), and 750 nm (baseline). Chl a and carotenoid concentrations ( g и mL Ϫ 1 ) were calculated from the equations of Lichtenthaler (1987) and Wellburn (1994) .
The extraction of biliproteins was performed according to the procedure of Bennett and Bogorad (1973) . Each 1-cm 2 quadrat sample was ground in 6 mL of 0.01 M phosphate buffer ( ϩ 0.15 M NaCl, pH 7, 5 Њ C) and ultrasonicated in the dark for 20 min. The extract was then clarified by centrifugation for 5 min at 3750 rev и min Ϫ 1 . Optical densities were measured at 562 nm (R-PE), 615 nm (R-PC), and 730 nm (baseline). Biliprotein concentrations ( g и mL Ϫ 1 ) were derived using the equations of Bennett and Bogorad (1973) modified by Glazer and Hixon (1975) . Extraction efficiency was tested by performing an additional extraction on half of the samples. For all pigments, these secondary extractions always resulted in concentrations lower than 5% of the initial concentration. All pigment data were normalized by the surface area of the quadrats (1 cm 2 ). Spectrophotometric measurements at 652 nm were also made to quantify allophycocyanin. However, because great uncertainties were associated with the very low concentrations detected, this pigment was not considered in the present study.
Light absorption efficiency (in vivo absorption).
The in vivo absorption was measured using an external integrating sphere (LI-COR 1800-12s, LI-COR, Inc., Lincoln, NE) interfaced with a spectroradiometer (LI-COR UW1800). The measurements of light absorption by H. onkodes cells were conducted according to methods developed for phytoplankton (e.g. Kiefer and SooHoo 1982 , Lewis et al. 1985 , Mitchell and Kiefer 1988 . The 150 mL of tissue suspension were filtered onto a GF/F filter and immediately placed in the sample holder of the integrating sphere. Spectral transmission measurements were then recorded every 5 nm between 350 nm and 700 nm. The transmission measurements were converted into absorption coefficients after correction of the amplification factor ␤ (Butler 1962) according to the equation of Bricaud and Stramski (1990) for GF/F filters. The absorption coefficients were normalized by chl a concentration to obtain a*, the specific absorption coefficient (for more details, see Maritorena and Guillocheau 1996) . A fourth-derivative analysis using a three-point Lagrangian interpolation was performed on the absorption spectra.
Photosynthetic parameters. Photosynthetic parameters were estimated from photosynthesis versus irradiance relationships (P vs. E curves) 3 determined from data obtained using the lightdark bottle technique. P versus E curves were determined for each group using ‫-52ف‬cm 2 fragments of thallus isolated from larger fragments also used for the pigment and absorption measurements. The samples were incubated in a 325-mL chamber filled with filtered seawater. The temperature of the water bath was maintained at 27 Ϯ 1Њ C, and the incubation water was continuously mixed using a magnetic stirrer. The light source consisted of two 400-W lamps (OSRAM, HQI-T Day-Light 400 GEWISS) providing a maximum irradiance of 2000 mol photonsиm Ϫ2 иs Ϫ1 . Eight irradiance levels were set using neutral density filters and controlled with an LI-COR LI-192SA quantum irradiance sensor (cosine collector) interfaced with an LI1000 datalogger. Net photosynthesis and respiration rates were measured after 4 h of incubation using a YSI 58 oxygen probe (CYSI Inc., Yellow Springs, OH). Three independent replicates were incubated for each light level. Photosynthetic parameters were derived by fitting the experimental data, normalized to chlorophyll, to the P versus E function of : where P s is the maximum rate of photosynthesis in the absence of photoinhibition, ␣ corresponds to the initial slope of the relationship, and ␤ is the photoinhibition coefficient. E is expressed as (E i Ϫ E o ), where E i is the incident irradiance and E o the compensation irradiance. Parameters were fitted simultaneously using a quasi-Newton method (STATISTICA StatSoft Inc.) followed by the examination of the residuals (ShapiroWilks test for normality and Grubbs test for outliers). P max (the deduced maximal rate of photosynthesis) and E k (the deduced saturating irradiance) were calculated according to . The ␤ value was set to zero in the P versus E equation when no evidence of photoinhibition was observed in the data. The respiration, P o , was also computed.
Statistical analysis. For the pigment data, differences between the four groups of samples were evaluated by a one-way analysis of variance (ANOVA) at the 0.05 significance level. When significant differences occurred, a Student-NewmanKeuls (SNK) multiple comparison test was applied at the 0.05 significance level to identify individual differences among data sets. A principal component analysis was also performed on the pigment data of the four groups (data not shown). Because of the small number of samples, the means of the photosynthetic parameters were compared using a nonparametric Mann-Whitney test. Fig. 2 ). The total amount of pigment was markedly higher in VL1 and RC4 compared with samples from YL3 and PL2. Exceptions to the significant differences in pigment concentration generally observed were as follows: For chl a between RC4 and VL1, carotenoids between YL3 and RC4, and R-PC between [YL3 and PL2] and [RC4 and VL1], concentrations were not statistically different (SNK test).
Chl a and phycobilins showed enhanced concentrations in VL1 and RC4 compared with YL3 and PL2. The R-PE concentration was higher by a factor of ‫3ف‬ or more in VL1 and RC4 than in YL3 and PL2, whereas chl a was more concentrated by a factor of ‫2ف‬ in these groups. Carotenoids, which include photosynthetic and photoprotectant pigments, were more concentrated in the two groups that were more exposed to high solar radiation (YL3 and RC4). Although some similarities exist between the groups, each has its own characteristics. The relative amounts of pigment (in terms of percentage of each pigment) reveal that phycobilins represent more than 60% of the pigment amounts within all four groups (64%-82%; Fig. 2 ). YL3 and RC4 have the highest proportion of chl a but the lowest for R-PE, whereas RC4 has the greatest percentage of R-PC. The difference in the pigment contents between the four categories of samples was also clearly revealed by a principal component analysis (data not shown). This confirms the reality of the four original groups as discriminated by the color of the thalli (or equivalently the ambient light).
Pigment complex modifications. To evaluate the differences of the pigment complex from one light environment to another, the pigment ratios R-PE:chl a, R-PC: chl a, and carotenoids:chl a for the four groups were compared. The ratios had distinctly different values according to the ambient light (Table 2) . Mean values of the R-PE:chl a ratio showed highly statistically significant variations between the four color categories (ANOVA; P Ͻ 10 Ϫ5 ). The mean value of the latter ratio was higher for the samples collected in habitats with lower light (i.e. VL1 and PL2). In contrast, the carotenoids:chl a ratio was significantly higher in tissues from YL3 compared with the other groups. The R-PC:chl a ratio remained remarkably stable with no significant variations among the four groups (ANOVA; P ϭ 0.48).
Light absorption. The spectra of the in vivo chl a specific absorption coefficients, a*(), are illustrated in Figure 3 . The four groups of samples have two distinct maxima of absorption centered around 435 nm and 675 nm, both mostly caused by chl a. Several other absorption peaks are also present, but their amplitude varies from group to group, resulting in differences in the spectral shapes. The fourth-derivative analysis on the absorption spectra resolves spectral components at various wavelengths (Fig. 4 for RC4 samples). The identification of the peaks is confirmed by published maxima positions (Haxo and Blinks 1950, Rowan 1989) , and the location of the deduced spectral components matches well those previously published for red algae Alberte 1994, Grzymski et al 1997;  for a review, see Enríquez et al. 1994) . The YL3 group showed the highest absorption (0.073 m 2 иmg Ϫ1 ) with a broad peak from 350 nm to ‫005ف‬ nm resulting from the absorption of chl a and carotenoids and a small shoulder for R-PE (and carotenoids) around 495 nm (Fig. 3) . R-PE ‫065-045ف(‬ nm) and R-PC peaks (560 nm and 625 nm) were less pronounced. Although slightly less marked than in YL3, the PL2 group also had a broad absorption peak below 500 nm (Fig. 3) . The R-PE peak at 495 nm in PL2 appeared more clearly than in YL3, probably as a result of the lesser content in carotenoids and the higher concentration of R-PE in PL2. A remarkable feature of the absorption in the RC4 group was its very low variability (low SDs) (Fig. 3) . The maximum absorption in the RC4 samples (0.059 m 2 иmg Ϫ1 ) was similar to that observed in PL2 (Fig. 3) . Compared with YL3 and PL2, the RC4 spectrum was much narrower below 500 nm and the R-PE peak at 495 nm was distinct because this pigment was noticeably more concentrated in RC4. The carotenoids did not influence the spectrum much. Another important difference in RC4 compared with the previous two groups was the stronger R-PE and R-PC peaks around 555 nm and the clear absorption enhancement around 625, mostly caused by R-PC. A stronger absorption at 675-680 nm was another characteristic of the RC4 samples. The VL1 group had the lowest absorption with a maximum (0.037 m 2 иmg Ϫ1 ) at 435 nm. Because of the relatively high concentrations of R-PE and R-PC in VL1, all R-PC and R-PE peaks appeared very clearly. Interestingly, the specific absorption spectra of YL3 and PL2 have distinctive characteristics at wavelengths below 500 nm, where chlorophylls and carotenoids are important, whereas the remarkable patterns of RC4 and VL1 absorption are more related to the presence of R-PE and R-PC pigments.
Photosynthetic parameters. The function fitted the data, explaining a high proportion of the variance in each of the four categories (YL3, 93.43%; PL2, 87.56%; RC4, 92.02%; and VL1, 97.12%). In addition, no outliers were found by the residual analysis, which also showed normality and good structure of residuals.
The P versus E curves showed distinctly different patterns for the four categories (Fig. 5) . The saturating irradiance levels of the plants from the high-light sites (RC4 and YL3, ‫054ف‬ and ‫006ف‬ mol photonsиm Ϫ2 иs Ϫ1 , respectively) were higher than those observed for the other two groups (VL1 and PL2, ‫002ف‬ and 400 mol photonsиm Ϫ2 иs Ϫ1 , respectively). Photoinhibition was observed at high irradiance for the three groups collected in the lagoon (YL3, PL2, and VL1) and was much greater in the shade-grown plants (VL1).
Except for P max , the photosynthetic parameters were significantly different between the shade-grown plants (VL1) and the other ones (Tables 3 and 4) . The initial slope ␣ and E k seemed to be directly related to the grown-light environment of the plant: ␣ was significantly higher and E k lower in shaded plants (VL1) compared with those receiving higher amounts of light energy (YL3, RC4, and PL2). Conversely, P o was significantly lower in plants from YL3 compared with VL1 and RC4. discussion In French Polynesia, the incident PAR at the surface of the reef is typically around 2300 mol photonsиm Ϫ2 иs Ϫ1 at noon during sunny summer days (Maritorena 1993) . In their natural habitat, the samples of H. onkodes collected for the present study experience a wide range of light energy exposure from daylong full sunlight to dramatically dimmer situations. The capacity of the intertidal crustose coralline alga H. onkodes to colonize substrates with such contrasted light fields results, to a large extent, from adaptations related to photoacclimation processes. In the following discussion, the results from the three groups collected in the lagoon (YL3, PL2, and VL1) are considered first. The data from the RC4 samples will then be examined, as this group showed some very specific characteristics.
The clearest evidence of variations associated with differences in the ambient light is the changes in the color of the plant. These changes are a consequence of variations in the photosynthetic and photoprotectant pigment complex. As is commonly observed for most algae, the total pigment concentration is higher in low-light exposed samples than in samples exposed to high light intensity (Falkowski and LaRoche 1991, Kirk 1994 , Machalek et al. 1996 , Beach and Smith 1996a . This is particularly clear for the samples collected in the lagoon (YL3, PL2, and VL1) where a 3-fold increase of the total pigment concentration was observed in the samples living in dim light (VL1) compared with the other two groups. The high-light acclimated plants from the lagoon (YL3 and to a lesser extent PL2) have lower concentrations of chl a and phycobilins than the shade-acclimated samples (VL1 Table 2 ). The biliproteins:chl a ratio changed from ‫6.3ف‬ in YL3 to ‫1.6ف‬ in VL1. In contrast, the sunlit YL3 samples contained more total carotenoids (photoprotectant and nonphotoprotectant), both in absolute terms and as a proportion of total pigments.
Similar trends have been reported in previous work on red algae. For example, variations in the color of the fronds of Gracilaria compressa have been related to differences in chl a and phycoerythrin concentrations (Calabrese and Felicini 1973) . In laboratory experiments, the increase of the biliproteins:chl a ratio with diminishing light was reported by Waaland et al. (1974) for Griffithsia pacifica. More recently, Beach and Smith (1996a,b) , comparing the canopy and the understory portions of a tropical turf algal assemblage, found the same pigment adjustments even at such a small scale. In the same way, Gracilaria salicornia displayed pigment and photosynthetic performance acclimation in response to the sun to shade gradient established by its matlike morphology (Beach et al. 1997) . Additionally, Smith and Alberte (1994) observed that compared with the less exposed low-tidal population, the high-tidal samples of the red alga Mastocarpus papillatus has increased quantity and proportions of carotenoids. Finally, for the crustose coralline Lithothamnion sp., Lee and Titlyanov (1978, p. 51) showed that chl a and R-PE were more concentrated in plants at 30 m deep than those living at a depth of 6 m. Surprisingly, these authors found a carotenoids:chl a ratio to be higher in deep samples and on the contrary a lower R-PE:chl a ratio for these samples.
The variations in the pigment proportions are likely to reflect the adaptation of the thalli to the light level (Lapointe and Ryther 1979) . In particular, the increase of the R-PE:chl a with the decrease of the irradiance can be interpreted as an "intensity adaptation" (Glazer 1977) , in which the plants at low ambient light would balance the diminishing light by increasing the photosynthetic pigment R-PE in the Photosynthetic Unit (PSU) antennae, as suggested by Glazer and Melis (1985) .
On the contrary, thalli exposed to a high rate of solar radiation increased their carotenoid content, which includes photoprotectant substances, whereas the photosynthetic pigment content decreased. This is probably to reduce the rate of energy transmission to reaction centers and thus protect the algae against photodamage. The higher amounts of carotenoids found in the high-light exposed samples were clearly a response to the high radiant energy and were presumably caused by increased levels of photoprotective carotenoids to prevent photooxidation. In any case, the detailed characteristics of the carotenoids in H. onkodes remain to be investigated, as does the possible presence of UV-absorbing compounds (mycosporinelike amino acids), which are also known to have a photoprotective role in a wide variety of marine organisms (Karentz et al. 1991) , including red algae (Sinha et al. 2000) .
The above discussion concerned the results from samples collected in the lagoon. To some extent, the pigment characteristics of the group of samples from the reef crest (RC4) did not agree very well with the scheme described above. Indeed, RC4 samples were collected at a location more exposed to direct sunlight, very similar to what the YL3 group or the most exposed samples of the PL2 group may experience, but the pigment content of the RC4 group was quite different from that of YL3 and PL2 samples. For instance, the total amount of pigments was more than 2-fold higher in RC4 than in YL3 or PL2, mostly from an increase in the biliprotein content (RC4, YL3, PL2, and VL1) of Hydrolithon onkodes. Table 2 ) and to a lesser extent to an increase in chl a (RC4[chl a]:YL3[chl a] ‫.)1.2ف‬These enhanced concentrations in RC4 have obvious similarities with what was observed for the shaded group from the lagoon (VL1). Moreover, RC4 also showed the highest concentrations of all four groups in carotenoids, which rather contradicts the above observation, and RC4 contained the highest proportion of R-PE ‫%82ف(‬ of total pigments). The RC4 pigment content showed a mix of sun-and shade-exposed characteristics according to the analysis of the lagoon groups. Similar conclusions are valid for the light absorption data. The in vivo absorption spectra also revealed differences among the four groups, both in spectral shape and magnitude. As for pigment contents, the low-light exposed group (VL1) showed different characteristics from the other two groups from the lagoon. The former had a reduced light absorption capability and the peaks corresponding to the biliproteins were well marked, whereas the other two groups exhibited a stronger absorption with a broad peak in the 380-to 500-nm domain, essentially caused by chl a and carotenoids. The group from the reef crest (RC4) appeared to have intermediate characteristics with a relatively high absorption (similar in magnitude to PL2) and a spectral shape typically influenced by the biliproteins. It must be kept in mind that the contribution of small calcareous particles from the algal skeleton was included in the absorption measurements presented here and that they introduce some "noise" in the data. However, because the spectrum of calcium carbonate particles was rather flat (e.g. see Maritorena et al. 1994, Hochberg and Atkinson 2000) , they should have a limited influence on the spectral shapes determined in the samples. Moreover, the spectral perturbations (absorption, scattering) due to the presence of the calcareous particles are assumed to be of the same magnitude for the four groups. Although the differences in the spectral shapes of the various groups were mostly related to the relative proportions of pigments, the magnitude of the spectra was mostly driven by the pigment concentration and the way it was organized within the tissues of the algae. If two samples were to have the exact same pigment content and concentrations, their absorption spectrum may, however, be different if the pigments are arranged differently at any level (colony, cell, thylakoids). The more the pigments depart from a uniform distribution or the more they are organized into discrete structures, the lower their absorption capabilities. This is known as the "package effect" and has mostly been studied in phytoplankton populations (Duysens 1956 , Kirk 1975a ,b, Morel and Bricaud 1981 for review, see Kirk 1994) . The package effect was strongly dependent on the intracellular pigment content and the size and shape of the cells. The package effect is much less documented for macroalgae, although some recent studies have demonstrated its effect in various species (e.g. Figueroa et al. 1995 , Mercado et al. 1996 , Grzymski et al. 1997 .
The low absorption observed in the shade-acclimated VL1 group was likely to result from the package effect as the high pigment concentrations measured for that group suggested high intracellular concentrations and a potentially strong package effect. The opposite is likely to explain the high absorption of sunlit samples (YL3, PL2). The increase of the pigment content and the concomitant decrease of the a* values due to an enhancement of the pigment packaging, as observed from YL3 to VL1, was emphasized for macroalgal thalli with two sheets of cells in the work of Mercado et al. (1996) .
The samples from the reef crest are again remarkable as they show a relatively strong absorption while their surface area pigment contents are high. This can only be explained by differences in the size of the cells and the internal structure of the algae in this particular group. The RC4 group grew in a high-light environment with an intense hydrodynamic regime and was also characterized by a peculiar morphology of the thalli, which are thicker (in section) than in the other groups, with a more massive medulla containing pigments deeper in the calcareous skeleton (personal observation). This means that the normalization of the pigment concentration to the surface area was somewhat biased as the pigment collected actually come from a volume that depends on the thickness of the living tissues within the calcareous frame. If the live tissues are thick enough that it is reasonable to consider several layers are actually superimposed, a sampling of these different layers (along with histological observations) may provide useful insight to explain the peculiarities of the RC4 group. For instance, a top layer with high carotenoid content and high-light characteristics may be superimposed onto deeper layers having low-light traits (and possibly experiencing self-shading). Such a scheme would explain some of the distinguishing characteristics observed for the RC4 group. It must also be noted that, by definition, a*() results from the normalization of the spectral absorption coefficients to the chl a concentration that, consequently, does not provide a good representation of the role of the other pigments.
The pigment and absorption characteristics have consequences for the photosynthetic parameters. For example, with the lower contribution of chl a to absorption associated with the increase of the biliproteins:chl a ratio in the shade-acclimated plants, the slope of the P versus E curve was higher. This higher biliprotein:chl a ratio probably compensated the low a*() observed in that group (see also Levy and Gantt 1988) . E k showed an inverse variation with decreasing values from high-light samples to shaded ones. Respiration was also higher in VL1 than in the other two groups from the lagoon. The variations of P max are weaker and were not significantly different between the four groups. These data are in good agreement with those published for H. onkodes by Chisholm et al. (1990) in the Great Barrier Reef and by Marsh (1970) in the Eniwetok atoll. The trends of ␣ and E k are consistent with what is commonly observed in sun/shade acclimation. As a general comment, the biggest differences were observed between the YL3 and the VL1 groups. The higher primary production rate of H. onkodes on the upper part of the reef was therefore clearly demonstrated. The variations detected between the different pigments, especially the R-PE content, seemed to be a good indicator of the differential photosynthetic performance of H. onkodes, as illustrated in Figure 6 . Simple regression analyses would allow reasonable predictions of some photosynthetic parameters based on particular pigment or absorption ratios. Such types of regressions were recently published by Beach and Smith (1996b) and Beach et al. (1997) between the in vivo absorbance for phycoerythrin and the carotenoid-specific maxima with E k , E c , and P max for Gracilaria salicornia and tropical rhodophyte turf species.
The three groups from the lagoon showed various degrees of photoinhibition depending on the light exposure of the samples during growth. When exposed to high levels of radiation, the shaded plants clearly showed photoinhibition, whereas the phenomenon was rather weak in the sun-exposed plants, YL3. Photoinhibition was generally detected at irradiance levels ‫006-004ف(‬ mol photonsиm Ϫ2 иs Ϫ1 ) close to P max . The only exception was for RC4, which tolerated full light intensity ‫0002ف(‬ mol photonsиm Ϫ2 иs Ϫ1 ). The specimens from the reef crest deviated from the general model presented for the lagoon samples, which could be partially because the amount of light the plants receive was lower than the surface irradiance, since this is the surf zone of the wave.
The observed photoinhibition was difficult to clarify, as it could be in part an artifact associated with long-time incubations during in vivo experiments as demonstrated by Macedo et al. (1998) on phytoplankton. Macroalga photoinhibition is not as well documented as for phytoplankton. However, several studies with sun-to shade-acclimated plants have recorded photoinhibition (for a review, see Gantt 1990) , and the influence of the irradiance on macrophyte ecophysiology has been recently reviewed by Häder and Figueroa (1997) . The mechanism of photoinhibition is still controversial (Crofts and Yerks 1994) ; nevertheless, there is a general agreement (cf. Osmond 1994) that photoinhibitory processes can be characterized as dynamic photoinhibition that is a reversible process probably controlled by carotenoids and as chronic photoinhibition mainly due to degradation of the reaction center protein of PSII. Generally, algae growing in the intertidal zone are acclimated to strong light and are not sensitive to photoinhibition, whereas species from the upper subtidal zone have photoprotective capacity (i.e. capacity for dynamic photoinhibition) (e.g. Bose et al. 1988 , Herbert 1990 for the red algae Porphyra and Häder et al. 1996 for the brown algae Padina pavonica). Alga from deep water or shaded habitats is not very resistant to strong light stress and shows chronic photoinhibition (e.g. Franklin et al. 1992 for the green alga Ulva rotundata). Various studies on temperate macroalgae (Hup- pertz et al. 1990 , Henley et al. 1991 , Franklin et al. 1992 , Hanelt 1992 , 1998 ) and on reef macroalgae (Franklin et al. 1996) have addressed the role of photoinhibition during photoacclimation and, particularly, the role of protein synthesis in the recovery from photodamage and the role of the xanthophyll cycle in photoprotection, which both lead to a decline in the efficiency of the PSII. It is thus reasonable to assume that the slight photoinhibition in the sun-exposed plant (YL3) coupled with the large amount of the total carotenoids are photoprotective mechanisms aimed at protecting the photosynthetic apparatus by dynamic photoinhibition (these plants were slightly photoinhibited with incident irradiance 4-fold greater than the photosynthetic demand). On the contrary, for the specimens growing in a low radiation environment (VL1 and, to a lesser extent, PL2), the lower amount of carotenoids does not allow the quenching of excited chlorophylls and the reduction of the excess photon stress caused by increased irradiance. These plants growing in a more sheltered environment (dim light adapted) are easily damaged, and their great sensitivity to strong light may thus be interpreted as chronic photoinhibition, which dramatically reduces photosynthesis. This may rarely or never occur under natural conditions as the shade plants never experience such high irradiance levels in the field. In terms of biliprotein content, ␣, and E k , these plants are clearly shade acclimated. On the contrary, highly exposed plants such as YL3 exhibited a light-acclimated behavior with lower ␣ and higher E k values. The higher carotenoid content probably controls the dissipation of the excess absorbed light energy, and hence plants show a dynamic photoinhibition, which protects photosynthesis from excessive irradiance.
The capability of the red algae H. onkodes to photoacclimate by regulatory processes of dynamic photoinhibition is in good agreement with those described recently by Hanelt et al. (1997) and Hanelt (1998) for arctic macroalgae in relation to their depth distribution. Algae, and especially Laminaria saccharina, collected close to the water surface were less inhibited by high photon fluence rate than those growing in deep water. Furthermore, Franklin et al. (1996) , working on a coral reef epilithic algal community, described within a species the increase of photoinhibition susceptibility with depth (1 versus 20 m). The present results indicate that the tropical coralline algae are no different from macroalgae of other habitats in their sensitivity to high-light exposures. It is obvious that H. onkodes had clearly acclimated to different irradiances at the different habitat. This ability for phoacclimation within this species allows it to grow in a wide light environment range. However, light is not the only factor controlling the distribution of the algae over the reef, and the role of the other factors, abiotic (e.g. water movement, CO 2 concentration) and biotic (grazing), remain to be studied.
So far, this study is the first to simultaneously investigate photosynthesis, pigmentation, and in vivo absorption to improve our understanding of photoacclimation of coralline algae. We showed that in H. onkodes, pigment, light absorption, and photosynthetic characteristics vary significantly with the light field where the alga grows. We also showed that some differences exist between specimens living under similar light conditions and that these differences are related to different exposure to wave action, which probably results in morphological and physiological differences. Our investigations indicated that H. onkodes shows an obvious acclimation to its light environments, and this explains partially its ability to colonize various habitats and, consequently, its major contribution to the building of the reef.
